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Edited by Lukas HuberAbstract Transcription of Drosophila U1 or U6 snRNAs by
RNA polymerases II and III respectively requires a unique
21 base-pair promoter element termed the proximal sequence
element A (PSEA) recognized by the snRNA activating protein
complex (DmSNAPc). A ﬁve-nucleotide substitution that chan-
ged the U1 PSEA to a U6 PSEA inactivated the U1 promoter.
Chromatin immunoprecipitation assays indicated this substitu-
tion did not aﬀect DmSNAPc DNA binding but instead inter-
fered with SNAPc recruitment of TBP to the TATA-less U1
promoter. These ﬁndings support a model wherein sequence dif-
ferences between the U1 and U6 PSEAs induce distinct
DmSNAPc conformational states involved in RNA polymerase
selectivity.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In animals, the genes that code for the U1, U2, U4, and U5
snRNAs are transcribed by RNA polymerase II (Pol II), but
U6 genes are transcribed by RNA polymerase III (Pol III)
[1–3]. Transcription of both classes of genes is dependent upon
a unique promoter element (termed the proximal sequence ele-
ment, or PSE) centered approximately 50–55 base pairs (bp)
upstream of the transcription start site [1,2,4–11]. The PSE is
recognized by the small nuclear RNA activating protein com-
plex (SNAPc) [12], a multi-subunit transcription factor that
has also been called PBP [13] or PTF [14]. Three subunits of
SNAPc (SNAP190, SNAP50, and SNAP43) are strongly con-
served throughout evolution and even have homologs in try-
panosomes where tSNAPc is required for transcription of
the spliced leader RNA [15,16].
In Drosophila melanogaster, the PSE is more speciﬁcally
termed the PSEA to distinguish it from a second conserved ele-
ment termed the PSEB present in the promoter of the Pol II-
transcribed ﬂy snRNA genes [9,11]. Interestingly, the fruit ﬂy
U1 and U6 PSEAs are not functionally interchangeable. In vi-
tro transcription assays indicated that changing the 21-bp U1
PSEA to a U6 PSEA (via ﬁve base-changes) switched the RNA
polymerase speciﬁcity of the U1 promoter from Pol II to Pol*Corresponding author. Fax: +1 619 594 4634.
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doi:10.1016/j.febslet.2008.06.003III [17,18]. In vivo, however, transcription from the U1 pro-
moter was suppressed by this same substitution [18,19]. Thus,
the precise sequence of the PSEA plays a dominant role to de-
limit the RNA polymerase speciﬁcity of snRNA promoters in
fruit ﬂies.
Furthermore, site-directed protein–DNA photo-cross-link-
ing studies have indicated that D. melanogaster SNAPc
(DmSNAPc) binds in distinct conformations to the U1 and
U6 PSEAs [20,21]. Because we were interested in examining
the mechanism by which substitution of the U6 PSEA for
the U1 PSEA inactivates the U1 promoter in vivo, we have
now used chromatin immunoprecipitation (ChIP) assays to
examine the step in Pol II pre-initiation complex assembly in
vivo that is disrupted by such a PSEA substitution.2. Materials and methods
2.1. Bacterial expression of D. melanogaster SNAP43, SNAP50, and
TBP and puriﬁcation for antibody production
The genes that code for the subunits of DmSNAPc have been previ-
ously cloned and characterized [21]. The DmSNAP43 and DmSNAP50
cDNAs were inserted into the plasmid PCRT7/V5-His-TOPO (Invitro-
gen) for expression in Escherichia coli BL21(DE3). The TBP gene was
purchased from Research Genetics and re-cloned into the pET-30b(+)
vector for expression in Rosetta2(DE3) cells (Novagen). The 6· His-
tagged proteins were puriﬁed by using Invitrogens ProBond nickel
chelating resin. TBP was further puriﬁed by S-protein aﬃnity chroma-
tography (Novagen) and the 6· His- and S-tags were removed by
digestion with enterokinase. The recombinant proteins were provided
to a commercial vendor (Chemicon) for polyclonal antibody produc-
tion in rabbits.
2.2. Reporter constructs, stably transfected cell lines, and primer
extensions
Constructs that contained the ﬁreﬂy luciferase gene driven by the
promoter of the D. melanogaster U1:95Ca gene (formerly called the
U1-95.1 gene) have been previously described [18,19]. Nineteen micro-
grams of reporter and 1 lg of pCoBLAST (Invitrogen) were used to
cotransfect S2 cells. Stably transfected cell lines were selected and
maintained on blasticidin-containing media. Total RNA was isolated
from the cells and subjected to primer extension analysis exactly as pre-
viously described [18]. The primer (5 0-CGGAATGCCAAGCTGG-
TCG-3 0) was complementary to a region near the 5 0 end of the lucifer-
ase gene and yielded an expected 60-nucleotide extension product.
2.3. ChIP analysis
ChIP was carried out by following a protocol provided by David
Gilmour (Pennsylvania State University) (http://www.personal.psu.
edu/faculty/d/s/dsg11/labmanual/Chromatin_structure/ChIP_for_Dro-
sophila_cells_preferred.html). The genomic locations of the U1 pro-
moter forward (5 0-GTGTGGCATACTTATAGGGGTGCT-3 0) andblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Genomic structure of the endogenous D. melanogaster U1:95Ca gene. The locations of the two primers used for PCR ampliﬁcation of
chromatin immunoprecipitates are shown. (B) Structure of the U1-luciferase fusion reporter constructs that contained either a wild-type U1 PSEA or
a U6 PSEA that diﬀered at only the ﬁve nucleotide positions indicated. The locations are shown of two PCR primers used to amplify DNA
speciﬁcally from the transfected constructs.
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shown in Fig. 1A. For analysis of the stably transfected U1:95Ca-lucif-
erase constructs, this same forward primer was employed but the re-
verse primer was identical to the primer extension oligonucleotide
(see Section 2.2). The negative control primers (5 0-CCGAGAGTGAT-
GAGCATTTGCC-3 0 and 5 0-AACTTGCTCCCCTTTTGCGTGG-3 0)
amplify a 177 bp region of the Drosophila genome located approxi-
mately 7000 bp 5 0 of the U1:95Ca gene. In all experiments, the
amounts of DNA samples and the PCR conditions were chosen such
that the resultant signals were within a semi-quantitative range.3. Results
3.1. DmSNAPc occupies the endogenous U1:95Ca promoter in
S2 cells
Experiments that demonstrate DmSNAPc occupancy of D.
melanogaster snRNA promoters in vivo have not been re-
ported. Therefore, antibodies against DmSNAP43 and
DmSNAP50 were prepared in rabbits and used in ChIP assays
that targeted the promoter region of the endogenous U1:95Ca
gene (represented in Fig. 1A). ChIP with anti-DmSNAP43 and
anti-DmSNAP50 antibodies produced a strong signal when
the U1 promoter primers were used for PCR ampliﬁcation
(Fig. 2A, lanes 3 and 6). Pre-immune antibodies, however,
yielded only a weak background signal (lanes 2 and 5). Fur-
thermore, negative control primers that ampliﬁed a segment
of DNA located 7000 bp upstream of the U1 promoter pro-
duced no detectable signal (lanes 4 and 7). Both sets of primers
worked eﬃciently for PCR with total input DNA (lanes 1 and
8). Together, these results indicate that DmSNAPc occupies
the U1:95Ca promoter in vivo.
3.2. U1 promoter activity and SNAPc promoter occupancy in
stably transfected S2 cells
We next prepared stably transfected cell lines that contained
the U1-luciferase constructs previously used in transient trans-
fection assays [18,19]. The constructs in the stably transfected
cells contained either the wild-type U1 promoter or the U1
promoter with the PSEA switched to a U6 PSEA (Fig. 1B).
First we determined Pol II promoter activity by using primer
extension assays to measure U1-luciferase transcript levels
(Fig. 2B). Cells that were stably transfected with the construct
that contained the wild-type U1 promoter expressed high levels
of U1-luciferase transcripts (Fig. 2B, lane 1). In contrast, cellstransfected with the construct that contained the U6 PSEA
substitution yielded no detectable transcripts (lane 2).
We then examined DmSNAPc occupancy of the wild-type
and mutant U1 promoters in the stably transfected cells. Fig.
2C shows that the wild-type U1 promoter, as expected, was
precipitated by DmSNAP43 and DmSNAP50 antibodies
(lanes 3 and 5) but not by the pre-immune antibodies (lanes
2 and 4). This indicates that DmSNAPc was occupying the
wild-type U1 promoter of the luciferase constructs in the sta-
bly transfected S2 cells. Interestingly, the antibodies against
DmSNAP43 and DmSNAP50 also speciﬁcally precipitated
the same region of the promoter from cells transfected with
the construct that contained the U6 PSEA substitution (Fig.
2C, lanes 8 and 10). Thus, DmSNAPc was bound to the U6
PSEA in the context of the U1 promoter even though the
transfected construct was not actively expressed.
3.3. TBP recruitment to the U1 promoter is disrupted by
changing the U1 PSEA to a U6 PSEA
In vitro transcription experiments have indicated that the
TATA box-binding protein is required for snRNA transcrip-
tion by Pol II in fruit ﬂies [9] and humans [12]. Therefore,
we used ChIP to determine whether TBP was present in vivo
at the endogenous U1:95Ca promoter. Fig. 3A shows that
the U1 promoter was eﬃciently precipitated by antibodies pre-
pared against recombinant TBP (lane 3), whereas the pre-im-
mune antibodies did not as eﬃciently precipitate the U1
promoter region (lane 2). Moreover, the antibodies against
TBP did not precipitate the negative control region (lane 4).
These results indicate that TBP occupies the endogenous
U1:95Ca promoter in S2 cells.
We next examined whether TBP could be detected on the U1
promoter in cells stably transfected with the constructs that
contained either the wild-type U1 promoter or the U1 pro-
moter with the U6 PSEA substitution (Fig. 1B). Antibodies
against TBP eﬃciently precipitated the promoter region of
the stably transfected reporter construct that contained the
wild-type U1 PSEA (Fig. 3B, lane 3). In stark contrast, no sig-
nal was obtained with chromatin from the cells stably transfec-
ted with the construct that contained the U6 PSEA
substitution (lane 6). Thus, although TBP assembled eﬃciently
on the transfected wild-type U1 promoter in vivo, TBP failed
to assemble on an otherwise identical promoter in which the
U1 PSEA was changed to a U6 PSEA.
Fig. 2. (A) ChIP detection of DmSNAPc at the endogenous U1:95Ca promoter in S2 cells. Antibodies against either DmSNAP43 (a43) or
DmSNAP50 (a50) precipitated the endogenous U1 gene promoter (lanes 3 and 6, respectively). Negative controls included pre-immune sera (43PI or
50PI) (lanes 2 and 5), or a negative control (NC) region of genomic DNA (lanes 4 and 7). Positive PCR controls that utilized 20% of the unselected
total input DNA are shown in lanes 1 and 8. (B) Stably transfected U1-luciferase fusions are actively expressed from the wild-type U1 promoter (lane
1) but not from constructs that contain a U6 PSEA substitution (lane 2). The autoradiogram shows the results of primer extension reactions using a
luciferase gene-speciﬁc primer (Fig. 1B). A 54-nucleotide internal recovery standard was included in each reaction. (C) ChIP indicates DmSNAPc
binds in vivo (in stably transfected cells lines) to the wild-type promoter of actively expressed U1-luciferase constructs as well as to the inactive
promoter of constructs that contain a U6 PSEA. Lanes are labeled as in panel A.
Fig. 3. (A) ChIP detection of TBP at the endogenous U1:95Ca
promoter in S2 cells. aTBP: antibodies against TBP. PI: pre-immune
serum. Total DNA: positive PCR controls performed with 10% of the
unselected total input DNA. (B) Substitution of a U6 PSEA into the
U1 promoter interferes with TBP recruitment in vivo. ChIP data are
shown. Lanes are labeled as in panel (A).
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Previous studies in our lab indicated that the PSEA acts as a
dominant element to delimit the RNA polymerase speciﬁcityof Drosophila snRNA gene promoters. In vitro, exchanging
the U1 and U6 PSEAs resulted in switching the RNA polymer-
ase speciﬁcity of the promoters [17,18]. In vivo, however,
snRNA promoter activity was suppressed as a result of
exchanging the U1 and U6 PSEAs [18,19]. It is not surprising
that the requirements for snRNA expression could be more
stringent in vivo than in vitro, potentially as a result of chro-
matin structure eﬀects. One possibility was that exchanging
the U1 PSEA for a U6 PSEA prevented the stable binding
of DmSNAPc to the U1 promoter. However, ChIP results re-
veal that DmSNAPc still assembled on the U1 promoter that
contains a U6 PSEA (Fig. 2C).
Since TBP is required for transcription of D. melanogaster
U1 genes [9] and in general plays a central early role in PIC
assembly on Pol II promoters, we next examined the TBP
occupancy of the wild-type and mutant U1 (U1 PSEAﬁ U6
PSEA) promoters. The ChIP results shown in Fig. 3 demon-
strate that TBP binds to the U1 promoter in vivo, but it fails
to assemble if the U1 PSEA is switched to a U6 PSEA. Because
TBP is not recruited to the mutant promoter, it follows that
Pol II promoter activity is lost.
Since DmSNAPc can bind to either the U1 PSEA or to the
U6 PSEA in the context of the U1 promoter, why is TBP suc-
cessfully recruited in one case but not in the other? Previous
work demonstrated that DmSNAPc assumes diﬀerent confor-
mations when it binds to a U1 or U6 PSEA and that it diﬀer-
entially contacts the two diﬀerent PSEAs as well as the DNA
downstream of each [19–21]. Most strikingly, the DmSNAP43
subunit contacts approximately 20 bp of DNA downstream of
the U1 PSEA but only about 5 bp downstream of the U6
PSEA. The extended region contacted by DmSNAP43 on
the U1 promoter includes the PSEB [21], and molecular mod-
eling is consistent with the idea that both DmSNAP43 and
TBP could co-occupy the PSEB [19]. Thus, it is reasonable
Fig. 4. Model for RNA polymerase II selectivity at the U1 snRNA
promoter in fruit ﬂies. The regions of the U1 promoter DNA contacted
by each of the DmSNAPc subunits are shown based upon in vitro site-
speciﬁc protein–DNA photo-cross-linking data [20,21]. When the
promoter contains a U1 PSEA (upper diagram), the DmSNAP43
subunit contacts DNA far downstream of the PSEA, including the
PSEB [21]. According to the working model, the close contacts of
DmSNAP43 with the PSEB contribute to the recruitment of TBP to
the U1 promoter in vivo. Substitution of a U6 PSEA does not allow
the contacts between DmSNAP43 and the downstream DNA to occur
[21], and TBP subsequently fails to assemble (lower diagram).
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promoter, participates in the recruitment of TBP to the PSEB.
This is illustrated in the upper panel of the working model
shown in Fig. 4. On the other hand, the data suggest that bind-
ing to the U6 PSEA induces a conformation in DmSNAPc
that is incompatible with the recruitment of TBP (Fig. 4, lower
panel).
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